Large eddy simulation of the wind surface layer above and within vegetation was conducted in the presence of an idealised forest fire by using an equivalent volumetric heat source. Firebrand's particles are represented as spherical particles with a wide range of sizes, which were located into the combustion volume in a random fashion and are convected in the ascending plume as Lagrangian points. The thermally thin particles undergo drag relative to the flow and moisture loss as they are dried and pyrolysis, charcombustion, and mass loss as they burn. The particle momentum, heat and mass transfer, and combustion governing equations were computed along particle trajectories in the unsteady 3D wind field until their deposition on the ground. The spotting distances are compared with the maximum spotting distance obtained with Albini model for several idealised line grass or torching trees fires scenarios. The prediction of the particle maximum spotting distance for a 2000 kW/m short grass fire compared satisfactorily with results from Albini model and underpredicted by 40% the results for a high intensity 50000 kW/m fire. For the cases of single and four torching trees the model predicts the maximum distances consistently but for slightly different particle diameter.
Introduction
Spot fires occur during wild forest fires when burning debris transported by the wind and convection column land far from the active fire source. Under such occurrence there is a probability to ignite another fire with dangerous consequences for fire brigades and firefighting which should be considered by the decision support systems for wildfire management and planning [1] [2] [3] . Many firebrand transport models have been developed; see the pioneers' works of Tarifa et al. [4] , Lee and Hellman [5] , and Albini [6] . Albini model predicts the maximum spotting distance [6] [7] [8] [9] [10] and has been included in several forest fire propagation models [11] [12] [13] [14] [15] [16] [17] . The computing time required to obtain predictions with the Albini model is much faster than real time, due to the inherent model based correlations. This is a great advantage over multidimensional Computational Fluid Dynamics (CFD) predictions; however it is believed that forest fire phenomena will benefit from CFD like for enclosure fire predictions; see, for example, [18] [19] [20] .
The problem is of great complexity because a large number of random parameters are presented. The transport of firebrands involves several modelling difficulties: firstly the knowledge of the particle shape and size that lift off in the flame region; secondly the particle transport by unsteady wind and convection column fields; and last but not the least the probability to ignite a fire after particle landing. This work is only related to the transport of firebrand aiming to predict the particle maximum spotting distance. However it involves the coupled prediction of (i) the wind flow through and above vegetation; (ii) the fire source near region and convection column; and (iii) the particle heat and mass transfer and combustion along its trajectory.
The wind flow interaction with canopy trees has been extensively studied [21] [22] [23] [24] [25] . The vertical mean wind velocity displays an exponential profile type inside the forest and the turbulence levels are mainly due to turbulent kinetic energy production by shear at the canopy top, rather than by wake production by the individual elements. The flow within and above a forest is linked by turbulent motions, at larger scales relative to the forest depth, that are strongly intermittent in character [22, 26, 27] . Several attempts have been proposed to simulate the exchanges between a forest and the lower atmosphere by assembling averaged statistical turbulent models such as − ; see [28] [29] [30] [31] . These models are inadequate in representing the intermittent character of the flow. Large eddy simulation (LES) explicitly simulates the dominant energetic turbulent scales resolved by the threedimensional mesh [32] [33] [34] and consequently it was used in this work.
Due to the disparity of scales in the fire heat release region from those of the remaining computational domain, it is almost impossible to resolve and to predict the heat release rate, but it is to be given as an input parameter. The so-called Lagrangian thermal elements [35, 36] are used to model the fire release heat as they are convected about by the thermal induced motion. Under this assumption, the fire is a large collection of blobs carried along by the largescale motion and the heat release rate associated with each element is represented by a simple function with a time scale determined from the plume correlations summarised by [37] . A far more simplified model is to prescribe a heat source either on the surface or in volume, usually approximated by Gaussian profiles [38] and by correlations of the flame height as a function of the firepower intensity. This was the procedure adopted to model the fire itself and the source was assumed stationary since the propagation fire velocity is small compared with the wind velocity.
The pioneers' works have employed the classical plume model approach of integral models to predict buoyant plumes in a cross flow responsible for firebrand lofting. Examples of developed simplified models are for initially axisymmetric jets [39, 40] and for buoyant plumes from fires [5, 7, 9] or integral plume models for line fires in a cross flow [41] . These models reduce the problem to a set of ordinary differential equations to be solved with an approximate expression or with an empirical fit to calculate the plume trajectory, width, velocity, and temperature. Three-dimensional field calculations of fire plumes have been extensively investigated; see, for example, [36, 38, 42] . In this work the latter approach is followed and a LES model was selected that takes into account explicitly the subgrid stresses and turbulent heat fluxes [43] .
In the framework of time averaged turbulent flow modelling, the problem of the instantaneous velocity acting on the particle is usually treated under Lagrangian stochastic models; see [44] for a review. For the present purpose of the LES calculations during the firebrand trajectory it was assumed that the calculated instantaneous velocity field acts in the particle during the considered time step. There are three main ways on how to account with the with the wind interaction in the firebrands particles. The first way is to consider spherical particles with a wide range of sizes undergoing drag relative to the flow and moisture loss as they are dried and pyrolysis, char-combustion, and mass loss as they burn. Models to calculate flight paths of dispersed particles in a turbulent flow are well established and a spherical particle shape is assumed due to inherent difficulties to know the drag and momentum coefficients from other shapes; see, for example, [45] . The second way is to consider nonspherical particles shapes, cylinders or discs, under one-way coupling, meaning that the wind influences the nonspherical particle orientation relative to the local wind obtained by momentum balances, but with prescribed drag and momentum coefficients as a function of relative particle orientation. The third one would correspond to the intrusive real body geometry of the nonspherical particle and the calculation (with Chimera or moving meshes) of their wake that may interfere with the particle itself during tumbling, fluttering, or chaotic free fall motion.
Recently, experimental apparatus has been constructed in order to generate a controlled size and mass distribution of glowing firebrands; see, for example, [46, 47] , allowing studying the combustibility of firebrand material such as pine cones and scales and pieces of bark eucalypt; see [48] . Theoretical models for the drag coefficient of nonspherical particles are being established (see [49] [50] [51] ) but the wide range of random shapes, sizes, and terminal velocities requires validation tests before practical use in reactive multidimensional calculations.
The combustion model of the woody, cellulose, or coal fuel particles commonly includes drying, pyrolysis, and charoxidation processes. Their burning characteristics and diameter at landing are related to the potential for the firebrand to ignite the adjacent vegetation [52] [53] [54] [55] and reviews of the modelling chemical and physical processes of wood and biomass pyrolysis have been presented; see, for example, [56] [57] [58] . Firebrand propagation prediction is based on either plume model, coupled fire-atmosphere, or semiempirical models to predict the fire spread; see, for example, [59] [60] [61] . Particles trajectories and spotting distances have been obtained for a wide range of idealised cases using these main assumptions about the fire source responsible for the convection column; see, for example, [55, [61] [62] [63] .
Physics based on coupled fire-atmosphere models consider approximations of the governing equations from the fluid dynamics, the combustion, and the thermal degradation of solid fuel (see, e.g., [64] [65] [66] ) aiming to preclude the use of existing simplified empirical wildfire models because they do not predict general fire behaviour; however the high-resolution and the high-fidelity combustion are not currently appropriate because of their computational cost. Several physics based on coupled fire-atmosphere studies have been conducted (see [67] [68] [69] [70] [71] [72] ) and some of these studies have been applied to the fire spotting problem. Among them [71] has considered particle combustion of cylindrical and disk-shaped firebrands for several geometrical parameters. Discs travel further than cylinders; also firebrands from canopy fires travel further than firebrands from surface fires. Depending on where the burning occurs, for example, the faces or around their circumference, this influences the firebrand lifetimes. In addition the simulations reveal that the coupled fire-atmosphere behaviour dominates the trajectories and landing patterns.
The main difficulty in the validation of the Albini model or of a CFD model, under real conditions, is that large field forest fires only show the spotting fires signature on the ground after the fire has been extinguished and it is unknown if they correspond to the particle maximum spotting distance. The particle responsible for the maximum spotting distance may not ignite a fire in opposition to the other particles that Journal of Combustion 3 spot too much shorter distances. Consequently the intercomparison of different models may contribute to estimating the error bar of the spotting distances pattern.
The main objective of this work is to compare the maximum spotting distance obtained with the Albini model with the spotting particles maximum distance obtained with LES and firebrand combustion models. Therefore in this work a coupled solution of the three-dimensional velocity and temperature unsteady fields is obtained and for each time step the particles are allowed to burn during their convection. For each particle size the calculated spotting distances as well as their char, ash, and temperature allow one to obtain the maximum spotting distance for a prescribed fire. Two classes of fires are presented: grass fires and burning of trees. For both cases the predicted maximum spotting distances are compared with Albini model's results.
In the next section the models are briefly presented. The section of Results follows this, but prior to the firebrand transport results a LES benchmark test case was performed. It corresponds to the LES simulation of lower atmosphere with a homogeneous forest [22] to investigate the LES solution dependence on coarse grid resolution. Next, firebrand spotting is examined using a coupled fire/atmosphere LES (large eddy simulation) in which the processes of firebrand lofting, propagation, and deposition are connected. The idealised scenarios correspond to the Albini "spotting distance examples" [6] for short grass 2000 kW/m fire and wind-driven fire in chaparral 50000 kW/m fire. In addition torching trees were considered, based on the scenario given by [73] , the first corresponding to a single Grand Fir tree and the second corresponding to four trees burning together. The paper closes with summary conclusions about the comparison of the maximum spotting distances.
Mathematical and Numerical Model

Governing Equation.
The governing equations are the continuity Navier-Stokes and energy equations. The Boussinesq approximation is used and the equations include additional terms to account for the drag from the canopy trees and for the heat received by the air in contact with the vegetation. The filtered Navier-Stokes model equations can be expressed by
Here is the pressure, is the gravitational acceleration, = −( / ) / is the volumetric expansion coefficient, and and are the constant molecular diffusivities of momentum and heat. The bar denotes the average over a computational grid cell and the double primes the deviations thereof. The Coriolis force has been excluded as it has little direct bearing on scales of motion for the domain considered of the order of 1 km.
The Subgrid-Scale (SGS) Model.
There is a wide range of subgrid-scale (SGS) models as well as great knowledge of the modelling issues like gradient-diffusion hypothesis used in some of the large eddy simulations; see, for example, [74, 75] . For atmospheric flows the pioneer classical models (see, e.g., [33, 34] ) have been being improved with models based on transport equations for the SGS stresses and fluxes. The second-order closure subgrid-scale equations model reported by [43] was selected for the present purpose to predict a plume at cross flow in the atmospheric surface layer. The model uses a transport equation for the subgrid-scale kinetic energy
The turbulent heat and momentum fluxes and their respective anisotropic components,
are determined from the following set of algebraically approximated second-order closure equations: 
The coefficients of the SGS model are listed in Table 1 according to [43] . The length scale is prescribed as a function of height above the ground surface and of the mesh size Δ:
The numerical stability enhanced procedures described by [76] were used to solve (4) . A second SGS model was also considered, the classic Smagorinsky [77] model, because it is used extensively in atmospheric boundary layer predictions. The simple Smagorinsky subgrid-scale model should be sufficient provided that the temporal and spatial resolution is fine enough to resolve a major fraction of the energetic scales; see, for example, [78] . These resolution requirements become computationally not feasible in higher resolutions and especially in proximity to the surface. (2) represents the drag force due to the canopy modelled as a porous body of uniform area density. The drag force was taken according to [18] as time dependent and equal to the product of the local foliage density (a function only of the vertical position), a constant drag coefficient = 0.15, and the square of the local velocity such that the force the -direction is given by
Additional Terms to Model the Forest. The additional term ( ) in
where is scalar speed. The drag coefficient is isotropic and the drag force directly opposes the local, instantaneous wind vector.
The ℎ term in (3) takes into account the heat source provided by the foliage that is heated by assuming that solar radiation penetrates the canopy and warms the foliage. The strength of the heat source, ℎ , included in (3) is then the 
where is the downward cumulative leaf area index (nondimensional), which is an extinction coefficient and is taken to be 0.6. Only the test case corresponding to weakly convective conditions, (ℎ) = 0.005, was considered corresponding to / = 1.1, where is the convective velocity scale
, and ℎ/ = −0.26, where denotes the MoninObukhov length and the leaf area densities, (integration of the plant area density) considered as described by [43] .
The last term in (3) represents the radiative heat source assuming a simplified heat loss:
where denotes the Stefan-Boltzmann constant and the emissivity was assumed equal to = 0.25.
The last term in (4) represents an additional dissipation process due to canopy drags in which is a time scale for the drag defined by (9) . The term takes into account the removal of SGS kinetic energy by the action of drag on the assumption that wake motions are of even smaller scale than those making up the bulk of SGS kinetic energy.
An extra scalar transport equation to simulate the "smoke concentration" was added only for visualization proposes.
Firebrand Transport Model.
The motion of firebrands is studied by assuming that they behave as a point mass and the aerodynamic drag acts in the opposite direction to the motion of the centre of gravity from the firebrand. Considering only drag and gravity, the three-dimensional motion of a firebrand of mass moving at the velocity within the fire velocity is governed by the following system of differential equations:
where the gravity force acts only in the vertical coordinate direction. The drag coefficient depends on the particle shapes. Here a spherical shape is chosen for the firebrand because of the well-known dependence of the drag coefficient with Reynolds number:
= 0.44 for Re ≥ 1000,
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The particles for the test cases investigated have a range of a few millimetres and they are made of coal and cellulose. The rate of particle mass reduction due to water vaporisation, pyrolysis, and char combustion can be represented by the sum of the mass rates:
During the drying and pyrolysis processes, the volume of the particle is assumed to remain constant and the mass equation reduces to
Whilst during char combustion, the particle density is assumed to remain constant and the mass equation reduces to
The rates of mass loss due to dry in [79] and pyrolysis [80] can be deduced from the following Arrhenius-type laws:
Following drying and pyrolysis, the particle mass change due to char combustion is given by [56] :
where O 2 is the pressure of oxygen adjacent to the particle. By considering the assumption that particles are thermally thin, the temperature throughout any particle is uniform while it is being heated or in combustion. The particle heat conduct (convection) equation reduces to
where represents the fraction of the particle heat of char combustion, which is transferred to the particle. Here = 0.3. Water vaporisation and pyrolysis are endothermic processes ( vap = 2.4 KJ/kg and pyr = 0.418 KJ/kg) whilst char combustion is highly exothermic ( char = −32.74 KJ/kg). The radiative heat transfer between the particle and the gas rad has been neglected here. Convective heat transfer is obtained for a sphere moving at the slip velocity through the gas:
where the Nusselt number Nu is given by
The thermal conductivity is the function of the mean temperature of gas and particle. The Lagrangian approach is used to calculate the particle motion. In this procedure the particle trajectories are integrated considering instantaneous gas mean velocity at each time step.
Numerical Method and Boundary Conditions.
The discretization of the unsteady form of the momentum, energy, and scalar concentration equations was made with a finite volume method together with the QUICKEST discretization scheme [81] that is of 3rd-order accuracy in space and time. The explicit scheme uses quadratic Leith type of temporal discretization and upstream quadratic interpolation involving 21 grid points for the evaluation of the convective fluxes in three-dimensional problems. A Poisson equation was solved to ensure that the velocity field is divergence-free. The maximum Courant number used was equal to 0.5 and details about QUICKEST scheme are given in [82, 83] . Calculations were also obtained with another own developed finite volume code, SOL (see [84, 85] ), that employs unstructured meshes and despite having second-order formal accuracy its order of accuracy is likely to be reduced by the use of flux limiters to avoid solution wiggles. Figure 1 also shows the boundary conditions used in each plane of the block domain; in the streamwise direction a nonperiodic pressure gradient is adjusted in each time step in order to maintain a prescribed mean velocity, with periodic conditions in the planes normal to the streamwise direction.
The boundary conditions employed for the fire scenarios are antisymmetric conditions in the spanwise direction while at inlet a velocity profile was prescribed and at outlet a Sommerfeld wave extrapolation was considered to minimise reflection. At the bottom, a nonslip boundary condition is used in which the vertical fluxes of the horizontal momentum are evaluated from the Monin-Obukhov relationship according to [43] . At the top, free-slip boundary conditions are used for the horizontal velocity components and the vertical derivative of temperature and the vertical flux of SGS kinetic energy is set to zero. This artificial boundary condition may be interpreted as a strong inversion. For the homogeneous forest test case periodic boundary conditions are used in the spanwise direction.
Results
Wind Flow above and within a Model Forest
3.1.1. Velocity Fields. The computational domain extends over 9.6ℎ × 4.8ℎ on the ground and over 3ℎ on the vertical of a homogeneous deciduous forest as proposed by [22] (see Figure 1) , with ℎ being the tree's height. A leaf area density vertical profile is considered with the distribution reported in the reference that corresponds to leaf area index of 5. A uniform mesh comprising 96 × 48 × 30 mesh nodes was used by [22] that includes 10 grid nodes below the canopy height.
The predictions with the QUICKEST code employ a 5-node resolution of the tree's height corresponding to 50 × 26 × 17 grid nodes. The coarser mesh was used because spotting distances in the forest fires cases require distances spanning a much wider domain, approximately two orders of magnitude of the tree's height, and for practical situations the resolution used by [22] would be unpractical. Figure 2 shows the averaged streamwise velocity for a leaf area index equal to 5. The present predictions show the strong velocity deficit due to trees and the velocity variation with height is in satisfactory agreement with [22] . The predicted vertical profile of turbulence kinetic energy obtained with Smagorinsky is shown in Figure 3 (a) and below the canopy the grid resolution is still not enough. But globally it follows in satisfactory agreement the turbulence kinetic energy reported by [22] as well as by the LES transport SGS equation for the subgrid fluxes used in QUICKEST. The subgrid-scale contribution is small and the trend is in satisfactory agreement with the reported values. The results obtained with QUICKEST show some discrepancies with those reported by [22] due to the lack of grid resolution. Figure 3(b) shows the predicted turbulent shear stress for a leaf area index equal to 5. The nondimensionalised values, by its value at treetop height, show a satisfactory agreement in the rapid and almost linear decay inside the forest as demanded by the strong drag forces and above the canopy in near-linear fashion forced by the existence a deep mixed layer. Also as shown by [22] the SGS contribution to the Reynolds stress is small, indicating that it is generally a very small component of the total momentum flux. The contribution of the subgrid stress to the total shear stress is very small denoting that the large-scale motion is mainly responsible for the large values observed on the canopy and on the shear flow. This test case shows that the developed software code with the incorporation of the LES model reproduces satisfactorily the flow within and above the model forest. Although a coarse mesh was used the QUICKEST predictions are in satisfactory agreement with [22] . For the study related to spotting distance from a forest fire we have selected the QUICKEST model with SGS turbulent kinetic energy equation. This still state-of-theart model should perform much better for the plume in cross flow than the SGS eddy diffusivity concept embodied in the Smagorinsky model for the treatment of the SGS heat fluxes.
Particle Dispersion.
The homogeneous forest constitutes a good scenario to analyse the dispersion of particles that are released at a certain height above the canopy. Under wind periodic boundary conditions the particle will be transported by the unsteady wind and may experience several domain turnovers up to ground deposition. For this purpose the vertical dimension of the computational domain was doubled and particles were released at 50-metre height. At = 0, the initial streamwise and vertical velocity components were assigned to be equal to local wind velocity and the terminal particle velocity, respectively. This scenario without the buoyant plume atmosphere interaction is only relevant to simulating the particles final flight path, after leaving the convective column, and their interaction with the canopy dominated flow. In addition the wind velocity was 15 m/s to simulate strong winds occurring very often in large fires. The particles were assumed to be spherical with different drag coefficients, 0.4, 0.5, and 1.2, and densities, 150 kg/m 3 , 300 kg/m 3 , and 600 kg/m 3 , in order to simulate different particle relaxation times.
Figures 5(a), 5(b), and 5(c) show the probabilities of spotting distances for the three drag coefficients, respectively. The light particles travel more and are strongly dependent on the drag coefficient. The high drag force communicates a higher particle momentum in the streamwise direction, and the particles with low density, 150 kg/m 3 , have a maximum spotting distance corresponding to 140 m for Cd = 0.4 and reach up to 230 m for Cd = 1.2; the probability density curve denotes the increase of the variability with the increase of drag. For the heavy particles with density 600 kg/m 3 the spotting distances change much less with the considered drag coefficients. It should be mentioned that despite the simplicity of the analysis one identifies a large variability, from 130 to 230 m for light particles with a realistic Cd = 1.2. The liftedoff particles that reach an altitude of 50 m, say by transient events of intense flammability of isolated torching trees, and begin their transport by the wind field outside the convection column may deposit with a large dispersion, creating a large uncertainty of secondary fires.
Spotting Distances from a Model Fire.
In previous subsection quantitative or qualitative comparisons of the predictions were performed concluding that although coarse grids are used the numerical results are still consistent with the parameters that influence the transport of large diameter firebrands.
All the predictions that follow use the volumetric heat source strength calculated from
where stands for the power intensity, for the line fire length, and for the power per unit volume. The integral was obtained in the prismatic flame region with base equal to flame height. A Gaussian distribution of the source depth function was assumed and adjustments were made in order to satisfy (17a), (17b), and (17c) on the computational domain.
Line Grass Fire.
The first scenario corresponds to the examples given by [6, 86] 
where is a Gaussian random number with zero mean and unit variance and the convective scale * = ( ) 1/3 and * = / * . This procedure is required because no homogeneous directions can be considered and a velocity inlet profile is required for the phenomenon under consideration.
A grid of 64 × 64 × 64 nodes discretizes the computational domain of 1000 × 300 metres in the horizontal plane and 250 metres in the vertical direction. The mesh is nonuniform distributed on the ground vicinity with 1 m resolution and on the line fire region; typically 8000 time iterations (16-minute real time) were performed. Particles were released with zero velocity inside the region where heat release was prescribed. Ten particle sizes classes were considered from 0.5 to 9.5 mm of diameter and for each class 50 particles were randomly distributed around the spanwise control volumes. The particles may experience ground deposit or burnout or exiting the domain and when this occurs, a new particle was inserted in the heat release region. A total of 500 particles were always tracked in each time step during 6000 time steps and the total number of particle ground depositions was around 20000. The particle initial density was 200 kg/m 3 and the percentage in mass of char, ash, water, and pyrolysis was 70%, 20%, 1%, and 4%, respectively. Figure 6 (a) shows a three-dimensional view of the scalar smoke concentration field. The buoyant flow under cross flow originates two characteristic vortex structures and far away from the source the corotating vortex pair originates two plume tubes where the smoke concentration is maximum. For visualization purposes the smoke concentration equal to the unity was prescribed in the heat release volume.
The Albini model was programmed and their correlations for vegetation fires or torching trees give the maximum spotting distance and for the torching trees the model output includes also the particle diameter. However for vegetation fires Albini model does not predict the particle size diameter that corresponds to the maximum spotting distance. Another remark is concerned with the prescription of the fire and also its behaviour compared with a real situation where strong flame oscillations are present and taken into account by Albini. No effort was made to consider unsteady volumetric heat release sources. The predicted puffing of the plume could only affect very small particles. Figure 6 (b) shows the coordinates of the point where the particle attains the maximum altitude along their particle trajectory and the spotting distance of the corresponding particle. For each particle size class the maximum location depends strongly on its initial position. If the buoyant column does not capture the particle its trajectory is very short. As the total number of particles was around 20000 it is believed that a good statistical description of the source release positions was covered. According to Albini model the particle reaches the maximum altitude of 68 m for this scenario. From the present predictions this should correspond to particles around 2 mm diameter. Particles smaller than 1 mm burn during the flight according to the combustion model considered. Form Figure 6(b) it is possible to conclude that the particles trapped higher up in the plume are taken further downstream.
The results corresponding to the probability for ground deposition are shown in Figure 6 (c). One should mention that the probability was evaluated by counting, for each class, the particles that deposit in each longitudinal slice of 2 m length and the number divided by the total of particles that deposit for each class. Consequently if a larger slice size was selected the probability would increase but with a similar distribution. Nevertheless Figure 6 (c) shows that particles deposit close to the inlet due to large size or those with a small size released at a too low initial position or they fall out of the convection column. Figure 6 (c) shows that relatively only few particles spot far than 200 metres. But there are differences in propagation distance among particles released randomly at the same height. The maximum predicted spotting distance was 400 metres for 1.5 and 2.5 mm spherical diameter. The Albini model predictions, corrected by [86] , indicate that the maximum spotting distance is 450 m.
The second test case corresponds to a wind-driven fire in chaparral when the wind speed at 10 m height is 20 m/s and the fire intensity is 50000 kW/m. This corresponds to a severe surface fire with very high intensity and very strong Figure 6 : (a) Smoke scalar concentration for 20000 kW/m short grass fire; (b) maximum height and longitudinal distances during particle trajectory as a function of particle size; and (c) probability of particles spotting distances as a function of particle size.
wind. Large spotting distances might be expected in light of the results from the first example. Conditions similar to the previous example were used but the computational domain extends to 3 km in the longitudinal direction and by 500 m in both the spanwise and vertical directions. A 64 × 64 × 64 coarse grid was used and the vegetation was assumed to have 4 m height and the flames were assumed to have 10 m height.
A volumetric heat release rate of 508 kW/m 3 was prescribed in the flame region of the 100-metre line fire. Albini model Probability (%) Figure 7 : (a) Smoke scalar concentration for 50000 kW/m short grass fire; (b) probability of particles spotting distances as a function of particle size; and (c) particles spotting distances and char content as a function of particle size.
the one described by [87] . Due to the long line fire length the vortical structures corresponding to the counterrotating vortex air, plume did not yet bifurcate. It is also possible to distinguish the incipient edge vortices, at the windward corners of the line fuel surface and located near the ground surface. Finally in the wake, not visible in the figure, there are wake vortices that interact with the ground for this strong wind. Figure 7 (b) shows the spotting distances probability as a function of particle size diameter valuated by the number of particles that deposit in 10 m longitudinal slice. Particles smaller than 2 mm diameter burn out during the flight. Due to the strong wind and convection column larger particles may be transported to larger distances without burning. Albini model predicts the maximum spotting distance at 2820 m. The present 3D predictions show spotting distances up to 1800 m that are smaller but under the present plume flow coherent structure the trapped particles will describe trajectories that could not be captured by simplified classic models. Firebrand motion is very sensitive to the variable flow field surrounding it that is governed by the fire-atmosphere dynamical system. Figure 6 (b) also shows that the distribution of spot fires decreases rapidly with distance downwind of the fires and can be described using a negative exponential function (see Figure 6 (b)), while Figure 7 (b) denotes around 100 m a slight increase followed by a rapid decrease. It may be due to the strong vertical flows. Figure 7 (c) shows the spotting distance, as well as the char content divided by initial char mass. One should observe that the ordinates axis displays two scales: (i) the spotting distance units in km and (ii) the char particle content at spotting divided by the initial particle content; this ratio is represented in the scale 0 to 1. Small particles deposit with high char content and large particles deposit with char percentages that range almost from zero (burnout) to 80%, due to different residence lifetimes along their trajectories. Particles with low char mean that their density is lower and consequently for the same drag are likely to be transported further downstream.
Torching Trees.
The calculations correspond to the Rothermel example [73] that uses the Albini model version to calculate the maximum spotting distance from torching trees. The first example corresponds to a single Grand Fir torching tree of 50 m height in a forest with the other tree's 43 m height and the wind speed of 9 m/s at 6 m height. The heat of 38 kW/m 3 was released in a cone of 12 m diameter and 40-metre height above 10-metre ground level to which a power of 180 MW estimated from Rothermel correlations of burning speed and fuel mass available corresponds. However the author is not certain about the volumetric heat release of a Grand Fir torching tree under the wind velocity considered.
The instantaneous cross section planes of scalar smoke concentration display a horseshoe-like structure with counterrotating vortices. Figure 8(a) shows the maximum spotting distance for the single tree example. Albini model predicts the maximum spotting distance of 560 m and corresponding to a particle diameter of 4.9 mm. However Albini assumed the drag coefficient of an infinite cylindrical particle shape. A simple balance between drag and weight forces shows that a cylinder may have a diameter 1.9 times bigger than the spherical diameter. The predictions for spherical particles show that 3 mm particles may reach a maximum distance of 600 m and 2 mm particle 900 m and consequently the present predictions are in satisfactory agreement with Albini model. Figure 8(b) shows three different quantities. The first is the spotting distance in km units. The second is the particle ratio of char mass at deposition to its initial value in a scale between 0 and 1 and the third is the particle average temperature relative to initial 973 K, also in the scale between 0 and 1. The predictions show that larger particles deposit with a higher temperature than the small ones due to the shorter flight time and less heat release to the cold ambient. The spreading of the particle char content increases with particle size. Figure 8(c) shows the dependence of char on particle spotting distance denoting that the particles that travel more have consumed most of the char as it would be expected, but the 10 mm particles have the highest char variability at deposition. This information will be valuable for probabilistic ignition models that account for vegetation, moister content, and so forth. The dependence of char content on temperature is shown in Figure 8(d) denoting that larger particles have a lower char content and a wide range of temperatures than small particles that keep the char at a high value and cool down very fast. This is consequence of the combustion model constants used and other values would produce different results, but no data about real spotting material combustion (leaves; fruits; etc.) was found.
The second example corresponds to four torching Grand Fir trees aligned in the spanwise direction with 12-metre spacing. Figure 9 (a) shows the spotting distances. The Albini model predicts 780 m for a 7.4 mm cylindrical particle diameter. The present predictions suggest that the maximum spotting distance in between 700 and 800 m is reachable by 1.5 and 2.5 mm particles. The spotting distances and the corresponding particles char and temperature for four Grand Fir torching trees are represented in Figure 9 (b). The average char content decreases with particle diameter, but its variability increases similarly to the previous example of a single torching tree.
Conclusion Remarks
In this work particle spotting distances were predicted with a coupled fire-atmosphere LES simulation. A volumetric heat source was used to simulate the fire and LES of the wind over and through homogeneous vegetation was conducted with the SGS kinetic model. This model was selected because it captures satisfactorily the mean flow and temperature effects that may be relevant to calculate particle spotting distances in different atmospheric boundary layer conditions: weakly unstable, neutral, and stratified.
The maximum spotting distance obtained with the Albini based correlation model is compared with the corresponding distance obtained from thousands of simulated particles in the 3D wind field. Classical examples were considered as benchmark test cases corresponding to vegetation line fires and torching trees reported by the pioneering researchers Rothermel and Albini.
The particle's initial position was prescribed randomly in all flame volumes and for the low intensity vegetation fire line the agreement between the two very different models is quite surprising, with the maximum spotting distances differing only by 10%. This was obtained from a wide class of particle sizes that are located randomly around the fire line, changing density during flight path and so forth, and cannot be interpreted as there are always little things happening that seem to coincide with the target result. Albini model is very popular in forest fire research and it is a simple integral model to predict the maximum spotting distance. The present work shows that for some cases it is in agreement with 3D multiphysics model predictions.
For the strong wind and high intensity, 50000 kW/m, vegetation fire where the predictions show a shorter maximum spotting distance, large differences are present between the two models and this may be attributed to the complex vortical flows formed or to the different particle combustion model that changes the particle density and alters the particle relaxation time.
The present predictions show also that the particles deposit from the source to the maximum spotting distance, in an inverted exponential function, and most of the particles deposit in the fire vicinity. Some of them were not entrained by the convection column and have a short flight path. In addition to the cases investigated particles up to 10 mm diameter are able to travel several hundred metres. The probability to reach longer distances increases for particles in the range 2 to 4 mm, but low probability events may transport a larger particle, 10 mm close to the maximum spotting distance. This is a stochastic phenomenon that should be in the future considered by uncertainty quantification prediction tools.
Significant different assumptions have been made; several of them may be improved and made closer to the reality, namely, the particle combustion model for specific vegetation debris. The unsteady fire structure and modelling may be affected by the specific cases in question, the particle drag or spherical shape, and so forth. Another important influencing factor is the local geophysical and atmospheric conditions that may influence the plume structure. Others may be more easily solved by those with supercomputers access such as grid resolution or improvements in the heterogeneity of the fuel and the structure of mixed fuel types vegetation and terrain topology. The foreseeable continuous increase in speed and memory of the computers favours the development and application of coupled fire-atmosphere LES models because it increases the scope of current empirical or semiempirical operational models.
